Novel thermosets were prepared by the base-catalysed reaction between a cycloaliphatic resin (ECC) and various thiol crosslinkers. 4-(N,N-Dimethylaminopyridine) (DMAP) was used as base catalyst for the thiol-epoxy reaction. A commercial tetrathiol (PETMP) and three different thiols synthesized by us, 6SH-SQ, 3SH-EU and 3SH-ISO, were tested. 6SH-SQ and 3SH-EU were prepared from vinyl or allyl compounds from renewable resources such as squalene and eugenol, respectively. Thiol 3SH-ISO was prepared starting from commercially available triallyl isocyanurate. A kinetic study of the mixtures was performed using differential scanning calorimetry. Stoichiometric ECC/thiol/DMAP formulations were cured at 120 ∘ C for 1 h, at 150 ∘ C for 1 h and post-cured for 30 min at 200 ∘ C. The materials were characterized using Fourier transform infrared spectroscopy, thermogravimetric analysis and dynamic mechanical thermal analysis. The results revealed that the materials obtained from the synthesized thiols had higher thermal stability and glass transition temperatures than those obtained from the commercial PETMP. In addition, all the materials obtained exhibited very good transparency. This study proves the ability of multifunctional thiols to crosslink cycloaliphatic epoxy resins, leading to more flexible materials than those obtained by cationic homopolymerization of ECC or base-catalysed ECC-anhydride copolymerization.
INTRODUCTION
There is no doubt that click reactions are highly interesting tools in the organic chemistry synthetic world. The philosophy of click chemistry is based on generating new substances starting from small units, by highly controlled reactions, clean and energy saving processes without the formation of by-products or organic volatiles, emulating nature.
1 -3 The thiol-epoxy reaction is a good example among the great variety of click reactions. 4 Its mechanism is based on the nucleophilic attack to a less substituted carbon on an epoxy ring by a thiolate anion. 5, 6 In recent years, thiol-epoxy reactions have been applied in the curing of epoxy resins, specifically for diglycidyl ether of bisphenol A (DGEBA), obtaining materials with good thermal properties and high transparency. 7 Although DGEBA resins are the most widely used for various applications, cycloaliphatic epoxy resins present some advantages that make them more applicable in the electrical and electronic industries. Among their most notable features, excellent weathering, inherently low viscosity, low dielectric loss and high electrical resistivity are of utmost importance for the fabrication of electronic devices. Because of their high resistance to yellowing by UV light absorption, they are also useful in applications like light-emitting diodes. Wang's group synthesized and characterized a great variety of cycloaliphatic epoxy resins with different structures for several special applications, 8, 9 among them for optical materials, 10 electronics 11 or fire retardancy, 12 but nowadays the most widely used in industrial applications is 3,4-epoxycyclohexyl-3 ′ ,4 ′ -epoxycyclohexanecarboxylate (ECC). Cycloaliphatic epoxy resins are more reactive than DGEBA in the presence of cationic curing agents and therefore these resins are usually homopolymerized via cationic ring-opening in thermal or photoinitiated conditions. 13, 14 Cycloaliphatic epoxy resins are not reactive by nucleophilic attack of amines because of the high topological hindrance of the epoxy in the cycloaliphatic ring. However, they can be cured by anhydrides through a ring-opening copolymerization mechanism. 15, 16 Homopolymerized and anhydride-cured cycloaliphatic epoxy resins are usually brittle materials because of the compact and rigid nature of the network structure and the inherent rigidity of the network chains. Therefore, it is quite interesting to modify the network by curing with other stoichiometric hardeners or copolymerization with flexible comonomers, leading to more open and flexible network structures and with higher versatility in mechanical and thermomechanical behaviour. 17 The use of thiols as crosslinking agents in thiol-ene, thiol-epoxy or thiol-acrylate materials 18, 19 is a good strategy to obtain materials with a flexible network structure and lower crosslinking density than homopolymerized thermosets, with a subsequent increase in toughness or impact resistance. By selecting the structure and functionality of the thiol, glass transition temperature (T g ) and modulus of the cured materials can be adequately tailored. 20 The curing of ECC by thiol-epoxy click reactions has been little explored, the only report in the literature being the investigation of Sangermano et al. 21 They prepared hybrid nanocomposites using a combination of thiol-epoxy and sol-gel processes. As starting formulations, they used various mixtures of commercial trithiol and a photolatent tertiary amine, ECC, tetraethoxysilane and 3-mercaptopropyltrimethoxysilane. They obtained organic/inorganic hybrid materials with a potential interest for optical applications. However, such systems are only adequate for thin layers, because of the limitations of photoirradiation technologies.
Thiols from renewable sources are very attractive because they are a good alternative for preparing thermosets from non-petroleum based-derivatives. Among natural products, terpenes show a high functionality in a quite compact structure and therefore they are good candidates for thermosetting materials. Acosta Ortiz et al. 22 reported the preparation of a hexathiol derivative of squalene prepared through a thiol-ene reaction preceded by hydrolysis. It has, in principle, a flexible aliphatic structure but, given its high functionality and the low molecular weight of each reactive unit, once the material is crosslinked, the presence of internal branching points and the short distance between crosslinking points would lead to rigid materials with high T g . Following the same synthetic procedure, two new trithiols with rigid core were also synthesized. One of them is derived from eugenol, which is also a natural product, and the other is derived from commercially available triallyl isocyanurate (Scheme 1).
In this paper we describe the curing of a cycloaliphatic epoxy resin (ECC) with the three thiols synthesized and we also include the widely used and commercially available tetrafunctional thiol pentaerytritol tetrakis(3-mercaptopropionate) (PETMP), with a highly flexible structure. The kinetics of the curing process was analysed using calorimetry. The crosslinked materials obtained were characterized using thermogravimetry and thermomechanical analysis.
EXPERIMENTAL Materials
ECC, eugenol (EU), squalene (SQ), triallyl isocyanurate (TAIC), PETMP, thioacetic acid (TAA), allyl bromide, 2,2-dimethoxy-2-phenylacetophenone (DMPA), 4-(N,N-dimethylamino)pyridine (DMAP), 1-methylimidazole (1-MI) and 2-methylimidazole (2-MI) were purchased from Sigma-Aldrich and were used without further purification. The latent amine precursor was LC-80 (encapsulated imidazole) and was obtained from AC Catalysts. Inorganic salts and bases were purchased from Scharlab. Methanol from Carlo Erba was used as received. N,N-Dimethylformamide (DMF) from VWR was dried using standard procedures.
Preparation of starting products Synthesis of thiol from squalene (6SH-SQ)
The product was obtained following a two-step procedure previously reported. 22 Hydrolysis of 6STA-SQ (6SH-SQ). 6STA-SQ (9 g, 10.4 mmol) was put in a round-bottomed flask with 60 mL of methanol and 1.8 g (45 mmol) of pulverized NaOH and vigorously stirred for 5.5 h at reflux temperature and in inert atmosphere. The solution was allowed to cool and the solvent was removed. The product obtained was dissolved in water and acidified with 0.1 mol L −1 HCl solution and then extracted with CHCl 3 . The organic phase was washed with distilled water and dried over anhydrous MgSO 4 . After solvent evaporation the purification of 6SH-SQ was carried out by silica gel column chromatography using hexane/ethyl acetate (8/2) mixture as eluent. The purified product was a pale yellow viscous liquid in 71% yield. 1 
Photochemical thiol-ene reaction (6STA-SQ

Synthesis of thiol from eugenol (3SH-EU)
The trithiol of EU was prepared from EU using a five-step synthetic procedure.
Preparation of triallyl eugenol (3A-EU).
Triallyl eugenol was prepared following a previously reported procedure. 23 
Synthesis of 1-allyl-4-allyloxy-3-methoxybenzene (2A-EU).
Eugenol (16.4 g, 100 mmol) and 4.40 g of pulverized NaOH (110 mmol) were dissolved in 120 mL of dry DMF in a 500 mL three-necked round-bottomed flask under inert atmosphere. The mixture was stirred for 10 min and then allyl bromide (13.30 g, 110 mmol) was added dropwise over 1 h at 40 ∘ C. Once the addition was finished the solution was maintained at 40 ∘ C for 3 h and then 0.5 h at 70 ∘ C. The solvent was eliminated in a rotavap and the oil was dissolved in CHCl 3 and filtered to eliminate the precipitate of inorganic salts. The organic phase was washed twice with distilled water, dried over anhydrous MgSO 4 and the solvent eliminated to obtain 96% yield of 2A-EU as a yellowish oil. 1 
Pyrolysis of 1-allyl-4-allyloxy-3-methoxybenzene (r2A-EU).
In a glass tube provided with a gas outlet 19.48 g (95.5 mmol) of 2A-EU was stirred at 200 ∘ C for 3 h to obtain a 98% yield of a yellowish oil. 
Synthesis of 1,3-diallyl-4-allyloxy-5-methoxybenzene (3A-EU).
The previously obtained r2A-EU (19.14 g, 94 mmol), 4.13 g (103 mmol) of pulverized NaOH and 120 mL of DMF were placed in a three-necked round-bottomed flask under inert atmosphere. The mixture was stirred for 10 min and then allyl bromide (12.49 g, 105 mmol) was added dropwise over 1 h at 40 ∘ C. Once the addition was completed the mixture was kept at 40 ∘ C for 3 h and then 0,5 h at 70 ∘ C. The reaction product was treated with distilled water to dissolve the NaBr formed and extracted with chloroform. The 
Hydrolysis of 3STA-EU (3SH-EU).
3STA-EU (9.31 g, 19.7 mmol) was added to 100 mL of methanol in a flask equipped with magnetic stirrer. An amount of 1.70 g (42.5 mmol) of pulverized NaOH was added and the mixture heated at reflux temperature under inert atmosphere for 5.5 h. The solution was allowed to cool and the solvent was removed. The product obtained was dissolved in water and acidified with 0.1 mol L −1 HCl solution and then extracted with CHCl 3 . The organic phase was washed with distilled water and then dried over anhydrous MgSO 4 . The product obtained was a pale yellow viscous liquid in 84% yield. 1 
Preparation of curing mixtures and samples
The mixtures were prepared by mixing stoichiometric amounts of epoxide/SH groups (1:1) of ECC with the various thiols. It should be taken into account that the functionality of ECC is 2 and the functionalities of the thiols are 6 for SQ-6H, 4 for PETMP and 3 for both 3SH-ISO and 3SH-EU in this reactive process. In catalysed formulations, 2 phr of basic catalyst (parts of catalyst per hundred parts of epoxy resin) was added after homogenization of ECC/thiol mixture with a spatula. Formulations were prepared using four different catalysts in order to test their activity and choose the most suitable one for the thermal curing process. 1 H NMR and 13 C NMR spectra were recorded with a Varian Gemini 400 spectrometer. CDCl 3 was used as the solvent. For internal calibration the solvent signal corresponding to CDCl 3 was used: ( 1 H) = 7.26 ppm, ( 13 C) = 77.16 ppm. A Jasco Fourier transform infrared (FTIR) spectrometer (resolution of 4 cm −1 ) with an attenuated total reflectance (ATR) accessory with a diamond crystal (Golden Gate heated single-reflection diamond ATR, Specac-Teknokroma). All the measurements were performed at room temperature. FTIR spectra were used to follow the formation of thiol band at 2570 cm −1 and the evolution of the curing process of the different formulations. In this case, the spectra were collected before and after thermal process.
Characterization techniques
A DSC instrument (Mettler DSC-821e) calibrated using an indium standard (heat flow calibration) and an indium-lead-zinc standard (temperature calibration) was used to determine the evolution and kinetics of the curing process. Samples of ca 10 mg were analysed under non-isothermal conditions under a constant nitrogen atmosphere with a gas flow of 100 mL min −1 . The non-isothermal studies were performed in the temperature range 30 to 240 ∘ C, with heating rates of 2, 5, 10 and 15 ∘ C min −1 . Values of T g of the final thermosets were determined after two consecutive dynamic heating scans at 20 ∘ C min −1 starting at −20 ∘ C with a Mettler DSC-822e device to delete the thermal history.
The T g value was taken as the middle point in the heat capacity step of the glass transition.
The degree of conversion by DSC was calculated as follows:
where Δh T is the heat released up to a temperature T or up to a time t, obtained by integration of the calorimetric signal up to this temperature or time, and Δh dyn is the total reaction heat associated with the complete conversion of all reactive groups. The linear integral isoconversional, model-free method of Kissinger-Akahira-Sunose was used for the determination of the activation energy based on the non-isothermal curing curves:
where is the heating rate, T the temperature, E the activation energy, A the pre-exponential factor, R the gas constant and g( ) the integral conversion function. For each degree of conversion, a representation of ln( /T 2 ) versus 1/T produces a straight line and makes it possible to determine E and ln[AR/g( )E] from the slope and the intercept without knowing the kinetic model.
Assuming that the approximation given by Eqn (2) is valid, we can determine the kinetic model that best describes the curing process by rearranging Eqn (2) as ln
which is the basis for the composite integral method for the determination of the kinetic model. 25 A plot of ln(g( ) /T 2 ) against −1/RT for all heating rates should yield a perfectly straight line, with a slope E equivalent to the isoconversional activation energy 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61 if the kinetic model g( ) is applicable. Given that the curing of epoxy-thiol reactions can be satisfactorily modelled using autocatalytic kinetic models, 6, 26 we have fitted the experimental data to autocatalytic kinetic models with n + m = 2, where n and m are the non-catalytic and catalytic orders of reaction, respectively. Details of the model fitting methodology used can be found elsewhere. 27 The thermal stability of cured samples was evaluated using TGA, with a Mettler TGA/SDTA 851e thermobalance. All experiments were performed under inert atmosphere (nitrogen at 100 mL min −1 ). Pieces of the cured samples with an approximate mass of 8 mg were degraded between 30 and 600 ∘ C at a heating rate of 10 K min −1 . Dynamic mechanical thermal analysis (DMTA) was carried out with a TA Instruments DMA Q800 analyser. The samples were prepared as described before. Three-point bending clamp was used on prismatic rectangular samples (15 mm × 7.9 mm × 1.5 mm). The curing schedule applied to cure the samples was 1 h at 120 ∘ C, 1 h at 150 ∘ C and a final post-curing at 200 ∘ C for 30 min. Samples were first heated at 5 K min −1 from 30 to 180 ∘ C to erase the thermal history and then analysed at 3 K min −1 from 30 to 180 ∘ C at a frequency of 1 Hz with an oscillation amplitude of 10 μm. Young's modulus was determined by a stress/strain test, under the same clamp and geometry testing conditions, at 30 ∘ C using a force ramp of 3 N min −1 and upper force limit of 18 N.
RESULTS AND DISCUSSION
Synthesis of thiols from vinylic compounds
The synthesis of the various thiols was carried out following a two-step procedure starting from the vinyl compounds as reported for squalene derivatives. 22 The first synthetic step consists of a photochemical thiol-ene click reaction of TAA to the multifunctional ene compound in the presence of a radical photoinitiator. The thiol-ene reaction is not inhibited by oxygen, which constitutes a great advantage in technological applications. The radical formed by the photocleavage of the photoinitiator abstracts a hydrogen atom from TAA, generating a thiyl radical that is added to a reactive double bond of the vinyl compound creating a carbon radical. The carbon radical abstracts a hydrogen from a thiol group, generating a new thiyl radical. 5 This alternating mechanism, cycling between thiyl addition to the double bond and chain transfer leading to a new thiyl radical, results in the consumption of thiol and ene groups at the same rate. If stoichiometric thiol-ene mixtures are used, complete reaction of thiol and ene groups is achieved. The second step in the thiol synthesis is the hydrolysis reaction of the corresponding thioacetate by treatment with a methanolic solution of NaOH at reflux temperature, followed by acidification with diluted HCl. This synthetic procedure, previously described for the preparation of the thiol derived from squalene (6SH-SQ), 22 has been successfully applied in the present study for the synthesis of 3SH-EU and 3SH-ISO from the corresponding triallyl derivatives, the yields being notably high. The two-step synthetic process is represented for the eugenol derivative in Scheme 2.
Structural characterization of synthesized thiols and their synthetic intermediates
The FTIR characterization of the products prepared renders as the most typical absorptions a strong band at 1700 cm −1 of carbonyl stretching for the intermediate thioacetates and a weak band at 2560 cm −1 , assigned to the SH absorption for all the thiols prepared. The structure of the products prepared was confirmed using 1 H NMR spectroscopy. The 1 H NMR spectra of squalene derivatives were compared to those previously published, showing complete agreement. 22 The complex structure that includes a great number of stereoisomers makes the structural characterization using this technique difficult but the appearance of acetate peaks in the spectra of intermediate materials and the complete elimination by saponification are valuable indicators to confirm that the synthetic process has occurred as expected.
The trithiol derived from triallyl isocyanurate (3SH-ISO) has not been reported in the literature up to now. The structure of this compound and that of the intermediate thioacetate were determined from their 1 H NMR spectra, which are shown in Fig. 1 . The spectra present few signals according to the third-order symmetry axis.
In the spectrum of 3STA-ISO the most characteristic signal is the peak at 2.31 ppm corresponding to the methyl protons of the thioacetate group that appears as a singlet, which has disappeared completely in the spectrum of 3SH-ISO. It is worth noting that signals corresponding to vinyl protons cannot be observed in the spectrum of 3STA-ISO, which confirms that the photoinduced thioacetic addition to triallyl isocyanurate was complete. Signals a and b at about 3.95 and 1.9 ppm practically remain unchanged in both spectra. However, the signal corresponding to the methylene protons c, which appears as a triplet at 2.87 ppm in the acetate spectrum shifts to 2.55 ppm after hydrolysis and shows a more split peak because of the coupling with the proton of the thiol that appears as a triplet at 1.55 ppm in the thiol spectrum. The 13 C NMR spectrum of 3SH-ISO is shown in Fig. A in the supporting information. Figure 2 shows the spectra of the eugenol derivatives. As in the previous case, the thiol-ene process is complete since no vinylic protons appear in the 3STA-EU spectrum. As before, the formation of the thiol is confirmed by the disappearance of the peak at 2.34 ppm, corresponding to the methyl protons from the thioacetate groups. However, the eugenol derivative has no symmetry and therefore more signals appear, making the assignment more difficult.
In a similar way to what happens in the TAIC derivatives, the presence of thiol leads to a higher splitting of the methylene protons attached to this group. The three signals due to the thiol protons appear as triplets below 1.5 ppm, two of them partially overlapped by the similarity of the electronic surroundings. The 13 C NMR spectrum was also recorded and it is shown in Fig.  B in the supporting information.
Study of curing process
The reaction of thiolates with epoxides follows a nucleophylic S N 2 mechanism with well-defined stereochemical control. Thiols require an amine as basic catalyst to increase their nucleophilic character by the formation of thiolates. 6, 7, 20 However, the use of bases like trimethylamine in thiol-DGEBA reactions leads to too short a pot-life that makes application difficult. 28 For that reason the use of a latent basic catalyst is recommended. With the aim of selecting the best basic catalyst to perform the thermal curing of ECC, different amines, 1-MI, 2-MI, DMAP and LC-80, were tested. All of them are tertiary amines, LC-80 being an encapsulated imidazole. The DSC thermograms corresponding to thermal curing of ECC/PETMP stoichiometric formulations with 2 phr of each catalyst are shown in Fig. 3 .
It can be observed in Fig. 3 that the formulation catalysed by LC-80 begins to cure at relatively low temperature and finishes at about 200 ∘ C showing a low curing rate and a broad curing temperature range. On the other hand, the curing with DMAP starts around 100 ∘ C, with a very fast curing reaction that finishes at about 140 ∘ C in a narrow temperature range. 1-MI shows an intermediate activity and 2-MI is the one that is activated at the highest temperature.
In previous studies of the curing of DGEBA resins with thiols we used 2 phr of LC-80 as the catalyst and its latent character was demonstrated. 7 However, according to our experience, various catalysts can be used and the most appropriate depends on the composition of the formulation. 29 We also reported 7, 30 that the curing of mixtures of DGEBA and PETMP or trimethylolpropane tris(3-mercaptopropionate) (TTMP) with smaller amounts of catalysts such as 1-MI and LC-80 took place at lower temperatures. It is well known that primary amines are not able to cure cycloaliphatic epoxy resins, 31 so it could be expected that the curing of ECC with thiol crosslinkers would be more difficult but, as seen in Fig. 3 , it takes place within an acceptable temperature range. Given that the curing with DMAP is activated within the same temperature range as the curing with latent catalyst LC-80, and that the curing takes place within a narrower temperature range, it is suggested that DMAP is the most suitable catalyst for these systems.
The effect of the various catalysts was also analysed for the different formulations prepared from the synthesized thiol crosslinkers. Figure 4 shows, as an example, that the activity of the various catalysts in formulations using 6SH-SQ as thiol crosslinking agent follows the same trend as with PETMP. In the case of 3SH-ISO and 3SH-EU (Figs C and D in the supporting information), similar results are obtained and DMAP is the most active catalyst, with an activation temperature close to that of LC-80. Therefore, DMAP was selected as the most suitable catalyst and used for further studies in this work. Figure 5 collects the calorimetric curves for the curing of ECC with the four thiols selected using 2 phr of DMAP as the catalyst. It is known 32 that the structure and the chemical environment of the thiol group have a very strong influence on its pK a and the nucleophilicity of the thiolate anion. Thus, it could be expected that 6SH-SQ would be less reactive than PETMP due to the lower nucleophilicity of the thiolate anion. It can be seen that the less reactive thiol crosslinker, with highest activation temperature, is the one derived from triallyl isocyanurate. Table 1 summarizes the values of enthalpy released and the temperatures of the maximum of the calorimetric peaks for the curing of the mixtures with various thiols and DMAP as the catalyst. As we can see, the heat released by epoxy equivalent is higher than 100 kJ eq −1 for all the mixtures with the synthesized thiols and a little higher for the commercial PETMP. In DGEBA/PETMP formulations catalysed by LC-80 enthalpies of 127 kJ eq −1 were measured during curing. The curing of ECC with PETMP releases a comparable amount of heat, but the other thiol crosslinkers lead to lower enthalpy released per epoxy equivalent. On the one hand, there are experimental uncertainties associated with the baseline determination and integration of the curing peaks, especially those 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62   63  64Table 1 . Calorimetric data and kinetic parameters obtained for curing of formulations with various thiols containing 2 phr of DMAP extending to higher temperatures, where side degradation reactions might also occur. On the other hand, it may be hypothesized that PETMP leads to somewhat higher conversion than the other thiols, due to its more flexible structure. For instance, one could expect some topological hindrance leading to incomplete cure for 6SH-SQ, because of its small molecular size and high functionality. It might be argued likewise in the case of 3SH-ISO and 3SH-EU, with a rigid core structure and flexible but short arms. However, FTIR-ATR analysis of the cured samples shows that the curing is quantitative. Figure 6 shows, as an example, the most significant regions of the spectra before and after curing of the formulation cured with 3SH-ISO. The initial spectrum shows the typical absorptions of S-H stretch at 2570 cm −1 and the band at 795 cm −1 corresponding to the cycloaliphatic epoxy ring. Both bands have disappeared completely in the spectrum of the cured material, confirming that the curing is complete. In addition, a new broad absorption at 3500 cm −1 appears because of the formation of the -hydroxythioether group in the network structure.
The kinetics of the curing of the various formulations was studied using DSC. From calorimetric curves obtained at different heating rates and applying the isoconversional methodology we could determine the activation energy of these curing processes. Figure 7 shows the evolution of activation energy during the curing process. No great differences among them are observed and the values are more or less constant during all the curing process indicating that the reaction mechanism is the same during the whole curing time and no epoxy homopolymerization occurs, as expected for stoichiometric thiol-epoxy formulations. 30, 33 The
Thermal curing of cycloaliphatic resins by click process www.soci.org Table 2 . Thermal and dynamic mechanical data of materials obtained from cycloaliphatic resin with various thiols using DMAP as catalyst and in consequence on the underlying curing mechanism. 26, 30, 33 Therefore, comparison with other systems is difficult, but the values are in general agreement with those of previous reports. 7, 30 Given that the isoconversional activation energy is constant, it is possible to model the curing kinetics using a kinetic model with a single rate constant. Given that the curing kinetics of thiol-epoxy formulations with tertiary amines has an autocatalytic behaviour, 26, 30, 33 we selected an autocatalytic kinetic model of type n + m = 2 to fit our experimental results. The kinetic values of the curing of the formulations with various thiols are collected in Table 1 . The kinetic constant and reaction rate at 130 ∘ C of the curing process are significantly affected by the reactivity of the thiol employed. The results obtained show that PETMP is the most reactive, followed by 3SH-EU and 6SH-SQ. The least reactive thiol is 3SH-ISO which needs higher temperature to be initiated. These results agree with the trend in reactivity shown in Fig. 5 .
Characterization of thermosets
The thermosets obtained by curing the four formulations with the various thiols were thermally characterized using DSC, TGA and DMTA. The formulations were cured with the following schedule: 1 h at 120 ∘ C, 1 h at 150 ∘ C and a post-curing of 0.5 h at 200 ∘ C. The materials obtained are transparent as previously reported for thiol-epoxy materials 7 and the colour depends on the thiol used in the curing. Figure 8 shows the corresponding photographs. Table 2 collects the main data obtained from the thermal characterization. T g determined using DSC is correlated with the structural characteristics of the thiol. PETMP, with a functionality of 4 but quite a flexible structure, leads to T g of 53 ∘ C. In spite of the different epoxy used, this value compares well with that obtained for DGEBA/PETMP materials. 20 Trifunctional thiol crosslinkers with a rigid core, 3SH-ISO and 3SH-EU, lead to materials with comparable T g of 69 and 70 ∘ C, which are significantly higher than those that can be obtained using a flexible trifunctional crosslinker such as TTMP. 7 The squalene derivative, 6SH-SQ, with an aliphatic structure but higher functionality, leads to a material with the highest T g , of 116 ∘ C. This can be explained by the densely crosslinked structure, with internal branching points in the thiol crosslinker structure and very short distance between crosslinks. Figure 9 plots the loss factor tan against temperature for the four thermosets prepared, determined using DMTA. The tan peak temperature shows the same trend as T g measured using DSC (Table 2) , but the values are higher due to the effect of the frequency on the relaxation. The tan curves show a narrow unimodal shape, indicating that the materials are homogeneous. The curve corresponding to the thiol 6SH-SQ is the one with the highest tan peak temperature and the lowest intensity. This is in agreement with a densely crosslinked network structure, having internal branching points within the structure of the thiol crosslinker with very short arm distance. In contrast, the lowest tan peak temperature is obtained with PETMP, given its more flexible structure in spite of its higher functionality, in comparison with 3SH-ISO and 3SH-EU. The differences between the materials obtained with 3SH-ISO and 3SH-EU are not relevant, because of their similar structure.
The evolution of storage moduli measured with DMTA is shown in Fig. 10 . The decrease in storage modulus during the mechanical relaxation of the network structure follows the same trend 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61 as the calorimetric T g and tan peak temperature, as expected ( Table 2 ). The material obtained with 6SH-SQ has the highest value of storage modulus in the rubbery state, owing to the higher functionality of the crosslinking agent and the more densely crosslinked network structure. 34 Accordingly, PETMP leads to a somewhat higher relaxed modulus than 3SH-ISO and 3SH-EU because of its higher functionality.
The thermal stability of the thermosets was studied using TGA under inert atmosphere. Figure 11 shows the derivative of the degradation curves. As we can see, the degradation of the material with PETMP starts earlier and shows two clear steps, while the others degrade in a single step. The presence of ester groups in PETMP, which are absent in the other thiol crosslinkers, may explain the lower degradation temperature and the multistep degradation process. The most relevant degradation parameters are summarized also in Table 2 . The material showing the lowest initial degradation temperature is the thermoset obtained from PETMP because of the existence of a higher proportion of ester groups in the network structure that can degrade much more easily. The highest thermal stability was obtained with 3SH-ISO, because of the presence of the isocyanurate moiety. To summarize, it has been seen that the structure of the thiol crosslinking agent has a very strong influence on the thermomechanical properties of the thermosets prepared from cycloaliphatic epoxy resins, making it possible meet a wide range of application requirements. In particular, the network structure of thiol-crosslinked ECC thermosets is less densely crosslinked than other ECC thermosets based on epoxy homopolymerization or epoxy-anhydride copolymerization, making it possible to adapt them to less demanding situations from the thermal and mechanical point of view. The greater flexibility of these networks should lead to an improvement in the impact resistance in comparison to homopolymerized cycloaliphatic epoxy thermosets.
CONCLUSIONS
Multifunctional thiols can be easily prepared from vinyl monomers by photochemical thiol-ene reaction with TAA followed by saponification of the acetyl thioesters formed. Using this synthetic method, new trithiols derived from eugenol and triallyl isocyanurate and the hexathiol from squalene were obtained with good yields.
Thermosets based on cycloaliphatic epoxy resin ECC crosslinked with commercially available thiol crosslinker PETMP and other synthesized thiols (6SH-SQ, 3SH-ISO, 3SH-EU) have been prepared using DMAP as catalyst. The reactivity order in the curing process of the thiols tested followed the trend: PETMP > 3SH-EU > 6SH-SQ > 3SH-ISO. Complete reaction of thiol and epoxy groups was confirmed using FTIR spectroscopy.
The obtained materials have lower T g and storage moduli in the rubbery state than homopolymerized cycloaliphatic epoxy thermosets, derived from ECC, because of their lower crosslinking density and higher flexibility of the network structure, making it possible to adapt ECC thermosets to less demanding applications from the thermal point of view. The structure of the thiol crosslinker had a strong influence on the thermomechanical properties of the resulting materials. The squalene derivative 6SH-SQ led to the highest T g and moduli in the rubbery state due to its higher functionality and the presence of internal branching points and short arm distances. However, the trithiols derived from eugenol and triallyl isocyanurate present T g and moduli similar to those of PETMP-derived materials in spite of their different functionality and structure. The synthesized thiol crosslinkers led to 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62   63  64  65  66  67  68  69  70  71  72  73  74  75  76  77  78  79  80  81  82  83  84  85  86  87  88  89  90  91  92  93  94  95  96  97  98  99  100  101  102  103  104  105  106  107  108  109  110  111  112  113  114  115  116  117  118  119  120  121  122  123  124 wileyonlinelibrary.com/journal/pi 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62 
